Discriminating similar memories and events depends on the dentate gyrus region of the hippocampus. This region is also distinctive because neurogenesis continues in adulthood. Whether both mature and immature granule cells play a role in memory discrimination, and whether the roles are distinct is actively investigated. Here we demonstrate that manipulating either mature or immature granule cells can impair discrimination of similar active place avoidance memories, but the manipulations have different effects. We also observe that prior experience modulates which memories are compromised by inactivation of immature neurons. These data demonstrate the importance of the dentate gyrus network of cells for memory discrimination.
INTRODUCTION
To accurately encode and store new memories, it is crucial to discriminate between new unique events and familiar repeating experiences that should be treated as memories to update. Pattern separation is the neural computation that makes two or more outputs of a system more distinctive than the corresponding input patterns. Pattern separation is proposed to underlie the ability to discriminate memories of similar events.
Computational theory (Marr, 1971; Treves and Rolls, 1994) and anatomy (Amaral et al., 1990; Amaral et al., 2007; Mulders et al., 1997) pointed to the dentate gyrus (DG) as a site for pattern separation within the hippocampus circuit. Because the DG has 4-5 times more principal neurons than its upstream and downstream regions, it is structurally poised to sparsify and orthogonalize the information that is carried by the divergent afferents from entorhinal cortex. DG is also functionally poised for pattern separation, as granule cells, the DG's principal excitatory neurons, have low, less than 1%, interconnectivity (Amaral et al., 2007) and they discharge sparsely due to strong inhibition and hyperpolarized resting membrane potential (Coulter and Carlson, 2007; Mody, 2005) . Consistent with a role in memory discrimination, manipulations that compromise DG function tend to impair difficult memory discriminations (Burghardt et al., 2012; Gilbert et al., 2001; Kheirbek et al., 2013; Lee et al., 2005; McHugh et al., 2007; Nakashiba et al., 2012) .
The DG is one of a few brain regions in which, during adulthood, neurons are born, proliferate, and integrate into the network's function. Immature neurons incorporate into the hippocampal network two weeks after mitosis (Gu et al., 2012; Toni et al., 2008; Zhao et al., 2006) , but these cells remain distinct from mature neurons in their electrophysiological function for at least an additional six weeks (Overstreet-Wadiche and Westbrook, 2006; Zhao et al., 2006) . Immature granule cells are more excitable than mature granule cells, in part due to reduced feedback inhibition (Danielson et al., 2016; Marin-Burgin et al., 2012) and they show enhanced synaptic plasticity (Ge et al., 2007; Schmidt-Hieber et al., 2004) . During active behaviors, immature neurons are more easily excited, discharging in less discriminating spatial fields, and their activation is more similar across different situations than the discharge of mature granule cells (Danielson et al., 2016; Marin-Burgin et al., 2012) . Nonetheless, studies indicate that adult neurogenesis significantly contributes to DG-dependent memory discrimination and the ability to resolve interference between potentially conflicting experiences (ArrudaCarvalho et al.; Burghardt et al., 2012; Clelland et al., 2009; Kheirbek et al., 2012) .
Using an active place avoidance task, we previously demonstrated that immature granule cells are crucial for memory discrimination and cognitive flexibility (Burghardt et al., 2012) . That study and other findings suggest an indirect role for immature granule cells in memory by regulating the inhibition of mature granule cells (Burghardt et al., 2012; Drew et al., 2016; Lacefield et al., 2010; Park et al., 2015; Sahay et al., 2011a) , whereas other studies have instead suggested that immature neurons are directly involved in memory encoding (Aimone et al., 2010b; Aimone et al., 2009; Rangel et al., 2013) .
The Burghardt et al. (2012) study chronically ablated adult neurogenesis and although it was comprehensive, during the post-lesion months the hippocampus could have reorganized to adjust to the circumstances of the new computational constraint. This and other difficulties of interpreting the results of permanent lesions compromises our ability to infer the role of immature neurons (Bures and Buresova, 1990) . Additionally, as with any complex process, the active place avoidance task likely requires multistage processing and immature neurons might only contribute to specific stages, for example encoding but not retrieval, or vice versa. Permanent ablation of adult neurogenesis cannot discriminate between a selective and a general role in a multistage process, therefore to determine if immature neurons have a selective role in memory discrimination, we exploit the cell-specific reversible lesion approach that is offered by optogenetics. The present investigations used two mouse strains that express Cre recombinase. We bred each strain with a mouse expressing a floxed stop codon that controls expression of an inhibitory opsin. POMC-Cre mice express Cre mostly in dentate gyrus granule cells.
Although Cre is also expressed in additional regions, we get functional specificity of the inactivation by targeting the light to the DG. Nestin-CreERT2 mice express Cre in immature granule cells selectively after tamoxifen-induced recombination. We then used DG-targeted laser inhibition of immature neurons to selectively inhibit immature granule cells during encoding and/or retrieval of discriminative active place avoidance memories. 
METHODS

Animals
Surgery
Mice were anesthetized with isoflurane (3% for induction 1.5-1.75% maintenance) for surgical procedures. Ketoprofen post-surgical analgesic was administered for three days after surgery. A minimum of 2 weeks passed before experimental procedures began.
Bilateral optic fibers (0.125 diameter optic fibers (NA 0.37) in 1.25mm zirconia ferrules)
were surgically implanted at ML: ±1.25, AP: -1.8, DV -1.55 using C&B Metabond to attach the ferrules to the skull.
Active place avoidance PIC protocol
A commercial active place avoidance apparatus and software was used (Bio-Signal Group, Corp., Acton, MA). Mice were trained on the active place avoidance task in a black-curtained room with distinctive visual cues on the curtains. For optogenetic silencing, a 593 nm laser was attached to the implanted optic fibers. When the laser was on, the peak power in the brain was 15 mW. On day 1, mice explored the rotating disk (0.75 rotation/min) during a 30-minute pretraining trial with no shock. On day 2 mice learned to avoid a computer-controlled 0.2 mA, 60 Hz, 500 ms foot shock in a 60°
unmarked zone during two 30-minute training trials (2 hours apart). The shock zone was stationary with respect to the room (Cimadevilla et al., 2001) . On the third trial of day 2 the mice were trained in a conflict trial with the shock zone relocated 180°. Mice were euthanized and perfused 105 minutes after the start of the conflict trial.
Eight male transgenic POMC-Cre + -Halorhodopsin that express the light sensitive chloride channel halorhodopsin selectively in DG granule cells and eight male littermate controls received the active place avoidance training as described above with the laser on for every trial.
Eight Nestin-CreERT2 + -Halorhodopsin and seven littermate controls received the above protocol with the laser on for every trial. Thirteen NestinCreERT2 + -Halorhodopsin and fifteen littermate controls received the above protocol with the laser only on for the conflict trial.
Active place avoidance two-zone task
A week after the start of the PIC protocol mice received 2 days of a two-zone place avoidance protocol. In this protocol a rotating arena frame shock zone is added to the already learned stationary room frame shock zone. To avoid shock mice have to learn to escape through the center where there is no shock and go to the other side. This is a difficult task for all mice to learn. Therefore there were three 30 min trials a day for two days. Most mice had learned by the final trial.
Object tasks
Six male adult NestinCreERT2 + -Arch and six littermate controls underwent two days of object tasks. The environment was the circular arena used for PIC protocol but with a square box with cues on three out of four walls surrounding it and a plastic floor.
Novel object task
On day 1 mice did a 10 minute habituation session of the environment with no objects.
After habituation trials mice had 2 hours of home cage rest. Two equivalent objects were then placed at equidistant from the center and the walls of the circular enclosure.
Subsequently, mice spent 10 minutes exploring the objects. After another two hours of rest the object that they had spent the least time exploring was replaced by a novel object, similar in height but a different shape and material. Between mice, objects and arena were sprayed with alcohol to get rid of odors.
Object pattern separation task
On day 2 mice again did a 10 min habituation trial in the same environment. After two hours of rest, mice explored two equivalent same objects, equidistant from the center and walls symmetrically for 10 minutes. Finally, after another two hours of rest, the object the mice had explored the least was displaced 4 cm away from the center.
Analysis of object tasks
Videos were recorded of the mice' behavior and analyzed. Time that the animal explored each object was measured twice per trial per animal and averaged. To construct difference scores, the time spent with the familiar object was subtracted from time spent with the novel or displaced object and this difference was normalized by the total time spent exploring both objects.
Histology
Mice were anesthetized with sodium pentobarbital (100mg/kg, i.p.) and 
RESULTS
Selective impairments after optogenetic silencing of DG granule cells
To test whether acutely silencing granule cells impairs spatial memory discrimination, we had mice perform the Pretraining-Initial-Conflict avoidance learning "PIC" protocol of the active place avoidance task. The protocol is shown in Fig. 1A and the laser targeting the DG was on for all trials to mimick permanent functional ablation of DG neurons with limited opportunity for circuit reorganization. The mice are placed on the rotating circular arena for 30 min per trial. During the Pretraining session on day 1, there is no shock allowing the mouse to acclimatize to the experimental conditions. The next day, during two Initial training trials, mice learn to avoid a shock zone that is stationary with respect to the room. On the third Conflict trial, the shock zone is relocated 180° and the mice are challenged to discriminate between the initial and current locations of shock. Note that the physical environment is identical across all trials except during the 500 ms that the mouse might experience shock, which in the aggregate is typically less than 1% of the trial (1% corresponds to 36 shocks in 30 min).
Optogenetically silencing granule cells in POMC-Cre + mice is demonstrated to perturb other DG cell types such as mossy cells and inhibitory interneurons through secondary, network effects (Senzai and Buzsáki, 2017) . Nonetheless, the inhibition did not impair learning or memory measured on the Initial training trials, compared to POMC-Cre -mice (Fig. 1A) . However, when the shock zone was relocated to test memory discrimination on the Conflict trial of the PIC protocol, the light-inhibition impaired the POMC-Cre + mice compared to the POMC-Cre -mice ( A week later, the same mice were trained in a different active place avoidance task variant, in which a rotating arena-defined shock zone was added to the stationary shock zone. In this two-zone task, the mice have to run through the center of the arena to the other side as the rotating and stationary shock zones converge on every complete rotation.
The mice must now make within-trial memory discriminations between the stationary and rotating locations of shock. After learning to avoid a stationary shock zone in the PIC protocol, this task can be conceptualized as a negative priming challenge because the mice had always experienced arena locations as safe, and now an arena shock zone is punished. This is a demanding task with substantially increased demand for cognitive control, and is impaired by X-ray ablation of adult neurogenesis (Burghardt et al., 2012) . 
Selective impairments after optogenetically silencing immature DG granule cells
Next, we tested the impact of selectively silencing immature granule cells (<5 weeks post-mitosis) on active place avoidance learning, memory and cognitive flexibility. The PIC protocol was the same as above, but we tested both male and female During the first and second Initial training sessions, there were no differences in errors between the genotypes ( Fig. 2A) . Mice of both genotypes learned and remembered and made fewer errors in the second training trial than in the first training trial ( Fig. 2A) . We then tested mice on the Conflict trial, which requires mice to discriminate between the previously learned shock zone location and the new location 180° away. There were no genotype differences in performance on the Conflict task, suggesting that immature neurons are not necessary for this memory discrimination. It seems that optogenetic silencing of immature neurons may not be sufficient to impair DG-dependent memory discrimination, even though an impairment was previously reported for ablation (Burghardt et al., 2012) . Furthermore, contextual fear discrimination in NestinCreERT + mice was selectively impaired when immature neurons were optogenetically-silenced during encoding of an ambiguous safe chamber, but not when immature neurons were silenced during acquisition of fear conditioning in the conditioning chamber that had already been encoded (Danielson et al., 2016) . It is then possible that the present optogenetic silencing either affected an insufficient number of immature neurons, or alternatively, immature neurons may play a significant role only in the DG-dependent memory discrimination trial, but this was obscured by light-inhibition of these cells during the training trials. If the cells are not active during encoding they are unlikely to be part of the representation of the initial location of the shock; consequently they may not have been able to play a significant role in discriminating between the initial and relocated locations of the shock. Fig. 3A .).
Mice with X-rayed or genetically ablated immature neurons were observed to be impaired on a similar paradigm as the PIC protocol (Burghardt et al., 2012) , although in that study training was spaced over more days. We considered that laser light for silencing might not reach enough immature neurons, since the beam angle is approximately 60° and 100 µm above the dentate gyrus, thus laser inhibiting an area of 100x100 µm. Accordingly, we hypothesized that more subtle behavioral differences between genotypes (with only a percentage of immature neurons compromised) could surface on a more demanding task.
To test if mice with light-silenced immature neurons were impaired on the two-zone task with larger cognitive load, NestinCre + -Halo and control mice underwent an identical twozone paradigm as the POMC mice, one week after training on the PIC protocol. During the two-zone task (Fig. 2B.) , the groups of mice that had light-silenced neurons in all trials of the PIC paradigm, made similar amounts of combined (stationary and rotating)
shock zone errors as well as stationary room frame shock zone errors. However, the NestinCre + -Halo mice made more rotating arena frame shock zone errors compared to the NestinCre --Halo controls. Thus, the memory discrimination impairment after lightsilencing immature granule cells is similar to the impairments in the POMC-Cre + -Halo mice. 17.87, p < 0.0001; genotype x time: F 5,70 = 2.08, p = 0.09). B) One week later, in a task with larger cognitive load, mice with silenced immature granule cells demonstrate decreased ability to discriminate between a previously learned stationary shock zone and a new qualitatively different, rotating shock zone. There were no genotype differences on the combined number of room and arena frame errors (Genotype X Trial repeated measures ANOVA; genotype: F 1,14 = 2.01, p = 0.18; trials: F 5,10 = 30.3, p < 0.0001; interaction: F 5,10 = 0.77, p = 0.59), nor for stationary room frame only errors (Genotype X Trial repeated measures ANOVA; genotype: F 1,14 = 0.39, p = 0.54; trials: F 5,10 = 7.52, p = 0.004; interaction: F 5,10 = 0.57, p = 0.73). However there were genotype differences in errors on the rotating arena frame (Genotype X Trial repeated measures ANOVA genotype: F 1,14 = 4.84, p = 0.045; trials: F 5,10 = 34.7, p < 0.0001; interaction: F 5,10 = 3.98, p = 0.03).
Interestingly, for the cohort that was trained on the PIC protocol with the laser on only during the Conflict trial (Fig. 3.) , POMC-Cre + -Halo mice with silenced immature neurons took longer to learn the two-zone task as indicated by a genotype difference in combined (stationary and rotating) errors and made more stationary room-frame zone avoidance errors up until the end of training, but the impairment was not observed in rotating arenaframe zone errors.
These data suggest that immature neurons are important for memory discrimination when the cognitive load is large and the memory distinction that has to be made is qualitative (stationary versus rotating) and simultaneous, within the same trial. Furthermore, the differences in which shock zone was best avoided indicate that previous experience modulates the role that immature neurons may play. (Vivar et al., 2012) , which preferentially targets the suprapyramidal blade of the DG (Witter, 2007) . Distinct from MEC spatial signals, the discharge of LEC cells appears to signal non-spatial information such as context and objects (Deshmukh and Knierim, 2011; Knierim et al., 2014; Suzuki et al., 1997; Tsao et al., 2013) . This functional anatomy, suggests that immature DG cells may be especially important for objectlocation associations and discriminations.
To investigate whether immature neurons (<5 weeks post-mitosis) contribute to the ability to discriminate objects, seven male NestinCreERT2 + -Arch mice and seven male littermate NestinCreERT2 --Arch control mice performed a novel object discrimination task and an object displacement discrimination task. While control mice discriminated between the novel (Fig. 4A ) and displaced objects (Fig. 4B) , preferring the altered objects, the mice with laser-silenced immature neurons, did not discriminate between the objects or locations consistent with previous findings (Goodman et al., 2010; Suárez-Pereira et al., 2014) , although when compared to each other, the genotypes did not differ on either the novel object task (t 12 = 0.94, p = 0.37) nor the object displacement task (t 12 = 1.0, p = 0.34). Importantly, these data also demonstrate that light-silencing immature neurons in the present conditions is sufficient to impair performance on memory discrimination tasks. Fig. 4 . Optogenetic silencing of immature neurons impairs discriminating between novel and displaced objects. Unlike control mice, mice with silenced immature neurons do not discriminate between A) a familiar and a novel object (control mice: t 6 = 6.17, p < 0.0001; Nestin-Arch-Cre + mice: t 6 =1.54, p = 0.17) or B) a familiarly-placed and a 4-cm displaced object (control mice: t 6 = 2.77, p = 0.03; Nestin-Arch-Cre + mice: (t 6 = 0.85, p = 0.43).
DISCUSSION
Summary
Optogenetically silencing mouse DG granule cells impaired discrimination of memory for an initially-learned location of shock and a novel location of shock in the active place avoidance conflict task variant. Granule cell silencing also impaired performance of the two-zone task variant, further indicating that instead of causing a general spatial deficit, the manipulation of DG diminishes the ability to discriminate between memory of the previously learned stationary shock zone and the newly experienced rotating shock zone.
In this case the DG manipulation impaired learning to avoid the new, rotating shock zone without impairing the familiar shock zone (Fig. 1) . These findings provide additional support for the importance of the DG in performing memory discrimination in situations where the changes to the environment are subtle (Gilbert et al., 2001; Kheirbek et al., 2013; McHugh et al., 2007; Yassa and Stark, 2011) .
In contrast to the effects of manipulating granule cells, selective inactivation of immature granule cells did not diminish memory discrimination tested with the conflict task variant, but the manipulation was sufficient to impair avoiding one of the two shock zones on the two-zone task variant. Importantly, which of the two simultaneous shock zones the experimental mice were deficient in avoiding, depended on whether or not immature neurons had been silenced during initial learning of the stationary shock zone.
Because the deficit depends on whether or not immature granule cells were disturbed during initial learning, we take this as further evidence of a role in memory discrimination (Figs. 2,3 ). Inactivating immature neurons also caused deficits in discriminating novel and displaced objects, demonstrating a role of these cells in discriminating memories generally, not merely place memories (Fig. 4) . The reversible lesion approach employed in this study replicates and extends previous findings of impaired performance in the two-zone task after permanent lesion of immature neurons (Burghardt et al., 2012) , by the novel demonstration that consequences of silencing immature neurons during memory discrimination changes depending on an animal's recent experience.
Possible functional roles of immature DG granule cells
Immature neurons are highly excitable and plastic in comparison to mature granule cells, and they receive decreased inhibition and show more overlapping activity in response to perforant path stimulation and less discriminative spatial tuning in vivo (Danielson et al., 2016; Dieni et al., 2013; Kheirbek et al., 2012; Marin-Burgin et al., 2012) . One "integrator" hypothesis for their role in memory processing is that immature neurons are more likely to (indiscriminately) encode new information and consequently link events that occur close in time (Aimone et al., 2010a; Deng et al., 2010) . Because immature neurons are only highly excitable for a few weeks, they become less likely to be part of a new memory as they get older. Accordingly, immature neurons are optimized for encoding new information in a familiar context as well as separately encoding information about new contexts separated by time (Aimone et al., 2009; Rangel et al., 2014; Rangel et al., 2013) . Indeed, immature neurons were specifically important for encoding in a novel context under circumstances of high interference (Danielson et al., 2016 ).
An alternative "inhibition" hypothesis is that immature neurons orchestrate inhibition onto mature neurons to sparsify memory representations. Several studies demonstrated increased excitability in the DG network after ablation or silencing of immature neurons, and decreased excitability of mature granule cells after optogenetic activation of immature neurons (Burghardt et al., 2012; Drew et al., 2016; Ikrar et al., 2013; Lacefield et al., 2010; Park et al., 2015; Sahay et al., 2011b) . The integrator and inhibition hypotheses are not mutually exclusive. Immature neurons could be directly involved in both the encoding and integration of temporally distinct information as well as the manipulation of mature granule cells for sparse and distinctive coding of information in memory (Anacker and Hen, 2017) .
Our findings from spatially-restricted optogenetic inhibition of a subpopulation of DG neurons can be understood from both the integrator and inhibition hypotheses. Beginning with the inhibition hypothesis, if the role of immature neurons is indirect synaptic inhibition of mature granule cells, then silencing immature neurons is disinhibitory, resulting in increased mature granule cell excitability and consequently a less sparse network representation by DG granule cells that will tend to be excessively co-active.
Such overexcitability might degrade the stored memories of the stationary frame locations of shock in the mice that learned these locations without laser inhibition during the PIC protocol, as observed (Fig. 3) . Immature granule cell ablation results in activitydependent dysregulation of inhibition (Park et al., 2015) , and if this is primarily disinhibitory (Burghardt et al., 2012) , then cell pairs that were initially weakly coactive are more likely to become aberrantly coactivate. Such aberrant coactivation has been shown in both modelling and experimental studies to degrade established place avoidance ensemble representations (Kao et al., 2017; Olypher et al., 2006) . On the surface, it is unclear why new, rotating frame locations can be encoded in this overactive, disinhibited state, as we observed (Fig. 3) , however such coactivity increases are demonstrated in network models to spare learning new representations, while impairing switching between representations (Olypher et al., 2006) . Combined with a degraded representation of the stationary room locations of shock, these features would favor learning new rotating arena-frame locations during inhibition dysregulation, and arena-frame representations would dominate the corrupted room-frame representations. Given we only assessed behavior, these conjectures on neural activity are necessarily speculative and merit direct investigation in future work. Nonetheless, the pattern of behavioral results unambiguously indicates that the consequences for behavior depend on the history of learning and cell-specific inactivation. These complexities suggest and in fact favor dynamic neural network accounts, consistent with recent findings that demonstrate that DG place cell discharge network interactions, but not changes in single cell firing, mirror successful memory discrimination in the conflict task variant of the active place avoidance task (van Dijk and Fenton, 2018 ).
The present findings are also in line with an integrator role for immature DG granule cells. In this view, immature neurons are likely to be incorporated into the learned representations of the stationary locations of shock in the mice that had no laser inhibition during Initial training. During the subsequently trained two-zone task, a subpopulation of these immature neurons is silenced and retrieval of the stationary shock zone is disrupted as observed (Fig. 3) , and as also seen after ablation of immature neurons post-encoding (Arruda-Carvalho et al., 2011; Gu et al., 2012) .
Results from the two-zone tasks are similar between the POMC-Cre + mice and the NestinCreERT + mice, even though ten times fewer neurons should be silenced in the latter case of the immature neurons. This provides evidence for a preferential role of immature granule cells in encoding and discrimination of similar memories. An early version of the integrator hypothesis predicted that mature granule cells were not involved in encoding and discrimination of similar memories (Aimone et al., 2010b; Alme et al., 2010 ), but the current results do not support that hypothesis (Fig. 1) .
In summary, these data as well as data from published work, together demonstrate roles 
